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In order to provide data on diffusion coefficients and solubility constants of tritium in molten salts for the 
critical issue of tritium control in the Thorium Molten Salt Reactor (TMSR) program, a two-chamber perme- 
ability apparatus separated by a nickel plate had been developed for determining the permeability of hydrogen 
isotope in molten salts. Descriptions on the permeability apparatus, experimental procedure and the analytical 
method for determining the diffusivity and solubility of hydrogen isotope in molten salts were presented in 
this paper. To assess the performance of the apparatus, the blank tests without molten salt were conducted at 
300-700 °C. The results showed that the nickel plate acting as the window for hydrogen isotope permeation in 
the apparatus seemed to have less effect on experiments of determining the permeability of hydrogen isotope in 
molten slat at 500-700 °C. Furthermore, the applicability of the apparatus with molten salt was also evaluated 
experimentally, with test experiments of molten Flinak (LiF-NaF-KF) at 500 °C, 600 °C and 700 °C. Diffusion 
coefficients and solubility constants of hydrogen in molten Flinak can be derived from those test experiments, 
which were correlated to Drinak-y = 7.06 x 1075e7549/(ReT) m?/s and SFlinak-H = 1.67 x 1077 ¢27-0/ RT) 


mol-H,/(m® Pa). 
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I. INTRODUCTION 


Molten salt system is widely involved in nuclear reactor 
technology as fuel and heat transfer media, due to its ad- 
vantages of low pressure operation, stability of the liquid un- 
der radiation, sufficient thermal conductivity, and resistance 
to corrosion of the structural materials. Such as, UF,/ThF,- 
based salts were proposed for use in molten salt breeder re- 
actors (MSBRs) [1]. In addition, Flibe, the 2 : 1 molten 
mixture of LiF-BeF,, considered as tritium breeding mate- 
rial in fusion reactors, was used in the conceptual designs 
for High-Yield Lithium Injection Fusion-Energy II (HYLIFE- 
II) [2] and Force-Free Helical Reactor (FFHR) [3]. Another 
mixed molten salt comprising LiF, NaF and KF (referred as 
Flinak) was proposed as heat-transfer fluid of molten salt nu- 
clear reactor [4, 5]. The use of molten salts as fuel solvent or 
heat-transfer fluid is dependent on their inherent characteris- 
tic of tritium production as a fission product, and neutron ab- 
sorption by lithium in the salts. At high temperatures, tritium 
diffuses through the structural materials and might escape to 
the environs in amounts, which requires special consideration 
in applications [6]. Experimental studies on tritium behav- 
ior in molten salts and its permeability through the structural 
materials were reported [7-15]. 

In China, researches in the application of molten salts as 
fuel solvent and heat-transfer fluid for thorium-based molten 
salt reactor (TMSR) have been launched. This requires data 
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relative to the solubility and diffusivity of tritium in the 
molten salts, and an apparatus design in this regard being 
developed. The two-chamber design was applied to deter- 
mine the hydrogen permeability through the molten salt of 
Flinak [9], the solubility, diffusivity, and isotopic rate of hy- 
drogen isotopes in Li-Pb [8], and the tritium permeation in 
Flibe [16]. However, limited data are available on the sol- 
ubility and diffusivity of hydrogen isotope in molten salts. 
Also, because of the differences in experiment apparatuses, 
analytical methods and controls for impurities in the salts, the 
results in the literatures can hardly be comparable. To obtain 
the valid data on solubility and diffusivity of hydrogen iso- 
topes in molten salts, one should evaluate performance of the 
experiment apparatus and analytical method for determining 
hydrogen isotope permeability in molten salt. In this paper, 
the permeability apparatus and analytical method based on 
the two-chamber concept are described, performance and ap- 
plicability of the permeability apparatus are evaluated with 
blank tests and molten Flinak test. 


Il. METHODOLOGY 
A. The permeability apparatus 


A schematic diagram of the apparatus for permeability de- 
termination is shown in Fig. 1(a). The system can be divided 
into functional parts of the gas supply system, permeation pot 
and heating system, diagnostics system, and auxiliary com- 
ponents. The gas supply system delivers uniform flows of 
research grade Ar, H, (D,) or their mixture with adjustable 
pressures and flow rates. The heater keeps the permeation 
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Fig. 1. (Color online) A schematic diagram of the (a) permeability apparatus and (b) permeat pot (dimensions in mm). 


pot at a uniform temperature between 500 °C and 700°C (de- 
pending on the molten salt). The diagnostics system is used 
to measure H, concentration in the sweeping Ar gas of the 
permeate side with a gas chromatographer (Shimadzu model 
GC-2014 coupled with pulsed discharge helium ionization 
detector). The auxiliary components include gas delivery sys- 
tems necessary for experiments, such as gas lines, gas valves, 
mass flow controllers and pressure gauges. 

The permeation pot (Fig. 1(b)) is made of 316L stainless- 
steel, and separated into two chambers with 2.0-mm thick 
nickel plate. The 316L stainless-steel and nickel are cho- 
sen due to their compatibility with the salts of interest to 
this work. And the relatively low diffusion coefficient of hy- 
drogen isotopes in 316L stainless-steel at high temperature 
provides favorable condition for nickel being a good window 
for hydrogen isotope permeation. Penetrations for the 316L 
stainless-steel tubing serve as the entrance and exit ports of 
the experimental gases, the molten salt charging port, and the 
temperature measurement port with a chromel-alumel ther- 
mocouple. The charging port is sealed when the molten salt 
has been loaded, whereas the temperature measurement port 
is sealed at the other end (above the molten salt). 

The permeation pot is inside a bigger 316L stainless-steel 
vessel, designed to be argon swept or evacuated to minimize 
the effects of hydrogen isotope leakage from the permeation 
pot. Otherwise, H, permeating the sidewalls (especially at 
above 500 °C) into the outer vessel would permeate the side- 
wall again and return to the inner vessel, causing longer time 
to approach the steady-state permeation and higher steady- 
state H, concentration in the downstream Ar gas. 


B. Experimental procedures 


Under argon gas atmosphere of a glove box, the upper- 
chamber of permeation pot was initially charged with molten 
salt to yield a known thickness of liquid (in the present case, 
20—40 mm) over a specified temperature range. Except when 


it was impractical to do so, the inner compartment of the 
chamber is maintained in Ar gas at atmospheric pressure, so 
as to protect the salt from being dissolved with impurities. 

The salt was melted and kept at a required temperature. 
During the heating period, the outer vessel was swept with 
an Ar gas flow or evacuated to vacuum by molecular pump. 
Simultaneously, a purified Ar gas was continuously fed to 
purge the two chambers. During this period, the Ar gas swept 
through the surface of molten salt and carried the gas that 
released from the molten salt into the diagnostic system to 
measure the H, (D,) concentrations. When the H, (D,) con- 
centration was zero in the upper-chamber, a H, (D,) flow was 
introduced into the lower-chamber (upstream side) at con- 
stant pressure and flow rate. Meanwhile, the Ar gas swept 
the upper chamber (downstream side) at a constant flow rate 
(usually ~ 20cm? (NTP)/min). The H, (D,) having diffused 
through the molten salt was swept out by the Ar gas and in- 
troduced into the diagnostic system for concentration deter- 
mination, while the diffusivity and solubility in molten salt 
could be calculated by the one-dimensional diffusion equa- 
tion, which will be discussed in Sec. II C. 

After charging hydrogen isotope into the lower-chamber, 
a reversal experiment, i.e. charging hydrogen isotope in 
the upper-chamber was carried out. Under the same oper- 
ating condition, H, (D,) gas was introduced into the upper- 
chamber (upstream side) and the permeating H, (D,) was 
swept out by an Ar flow from the lower-chamber (down- 
stream side). Surface effects between molten salt, nickel plate 
and hydrogen isotope could be investigated when the direc- 
tion of hydrogen isotope permeation in molten salt was re- 
versed. 


C. Theoretical analysis 


Figure 2 shows graphically typical models of hydrogen iso- 
tope permeation in molten salt : Model a (Fig. 2(a)) for atom 
(ion) migration of hydrogen isotopes and Model b (Fig. 2(b)) 
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Fig. 2. (Color online) Typical permeation models of H, (a) and D, (b) in nickel and molten salt system. 


for molecule migration of hydrogen isotopes. The transport 
mechanism of hydrogen isotope in molten salt depends on 
condition of the salt. In molten Flibe, deuterium and tritium 
were diffusing as the D* and T* species [10]. In molten Fli- 
nak, hydrogen diffused as a molecular form of H,, and the 
H* ion diffused under a certain amount of free fluorine ions 
in the slat [9]. In liquid Li-Pb, the diffusion behavior of hy- 
drogen was based on a binding interaction of Li-H (the charge 
state of hydrogen was close to H`) and the dissolved hydrogen 
atom [17]. 

The transport process considered in the two models can be 
described by one-dimensional diffusion equation comprising 
nickel and molten salt: 


() 


where, subscript ¿ denotes nickel or molten salt; c; and D; 
are molar concentration (in mol/m*) and diffusivity (in m?/s) 
of hydrogen isotope, respectively; x is distance (in m) at the 
direction of perpendicular to the nickel plant; and t is time (in 
s). 

This is based on assumptions that the overall hydrogen iso- 
tope permeation is under diffusion-limiting condition, and the 
permeation resistance of the nickel plate is much smaller than 
that of the molten slat. The assumptions were verified by 
experiments with molten salts of Flinak and Flibe using the 
same permeability apparatus design [9, 16]. 

In the present work, the initial and boundary conditions 
were as follows: 


t=0: CNi = 0, Cmolten = 0, (2) 
z =0 : cyi = Gin = he PY", (3) 


a = Lyi : CNi = cni,s = ki P2/?, 
Cmolten = Cmolten,s = kmolten P1? ( Model a), (4) 
( Model b), 


Cmolten = Cmolten,s = KmottenPs 


P down __ OCmolten 


= Lyi Limotten : J = W = Dymolten 
x Ni + lt J AP, lt Əz 


, (5) 


where, subscript 7 denotes nickel or molten salt; L; is thick- 
ness (in m); k; is solubility constant (in mol/(m3 Pa!/?) or 
mol/(m? Pa)); P is pressure (in Pa) of hydrogen isotope; W 
is mole flow rate (in mol/s) of purging gas; A is cross-section 
(in m?); and j is permeation flux (in mol/(m? s)) of hydrogen 
isotope. 

Then, the solutions of Eq. (1) for steady-state permeation 
flux (Jsteady) Of hydrogen isotope at the molten salt surface can 
be written as: 


4 Dmo an” kmo en / 
Jsteady = a (v Pap = Toa) (Model a), 


Lmotten (6) 
Dymo en ' kmo en 
Jsteady = 7 É (Pap Paown) (Model b). 
molten 
(7) 


And the solutions to Eq. (1) for transient permeation flux 
(Jta) can be expressed as: 


Jira i Lotten 


Dotten . KMolten (y Pap =y Picea) 


ALM It = | (2n — 1) Li It 
=,/———™"__) exp omen Model a), 
T: Dotten t 2 4D Molten t ( ) 
(8) 
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By fitting the variations of transient permeation flux with 
time using Eqs. (8) or (9), the diffusion coefficient of hydro- 
gen isotopes in molten salt can be determined independently. 
In addition, the value of DMotten * KMolten can be determined by 
Eqs. (6) or (7). As a result, the solubility constant of hydrogen 
isotopes in molten salt can be obtained. 


(2n ZZ 1)? Lẹiotten 
4D Motten * t 


Il. RESULTS AND DISCUSSION 


A. Permeation measurements without molten salt 


H, permeation through Ni plate of the apparatus without 
molten salt was investigated at 300-700 °C. Its purpose was 
to verify performance of the permeability apparatus, and to 
measure the diffusivity and solubility of hydrogen isotopes in 
nickel plate for further comparing the permeation resistance 
of the nickel plate with that of molten slat layer. 

The experiments were conducted by charging hydrogen 
in the lower-chamber (upstream) under 1.01 x 10° Pa at the 
flow rate of 20SCCM (standard-state cubic centimeter per 
minute). The upper-chamber (downstream) were swept with 
the Ar flows under 1.01 x 10° Pa, at flow rates and temper- 
atures of 20 SCCM, 300°C; 20 SCCM, 400°C; 50 SCCM, 
500 °C; 80 SCCM, 600 °C; and 100 SCCM, 700°C. Simulta- 
neously, the outside vessel was evacuated to vacuum. 
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Fig. 3. H, molar flux permeated from the Ni plate. 


Figure 3 shows the H, flux permeated from the nickel 
plate. The data in squares are from the experiment, while 
the cureves are from numerical calculations using Eq. (1) and 
replacing the molten salt to nickel. The calculation results 
agree well with the experimental results at each temperature. 
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Fig. 4. (Color online) The diffusivity, solubility and permeability of 
H, in Ni. 
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Fitting the data in Fig. 3, the diffusivity and solubility were 
determined from the H, molar flux curve. Thus, the value of 
Dyi-u + Syi-n, ie. the H-permeability in nickel, was obtained. 

The measured diffusivity, solubility and permeability val- 
ues are plotted in Fig. 4, where the data could be correlated to 
the following Arrhenius equations: 


Dyiy = 4.69 x 1078e—23-9/ (eT) my? /g, (10) 
Swit = 59.1e7939/(2sT) mol/m3, (11) 


Prin = 1.0 x 10718e—33-3/(sT) atom/(m s Pa!/?). (12) 


For comparison, Robertson’s correlations [18, 19] of H- 
diffusivity, H-solubility and H-permeability in nickel were 
plotted in Fig. 4. It can be seen that our diffusion results are 
comparable with Robertson’s ones at > 500°C, but deviate 
greatly at 300°C and 400°C. The solubility in this work is 
smaller than the published data at 300—700 °C. And the devi- 
ation increases with the temperature. This might be caused by 
surface oxide film of the nickel plate, which can be formed in 
the Ni plate welding. That fact that the measured diffusivity 
and solubility can be correlated to Arrhenius equation proves 
the permeability apparatus meets basic requirements for de- 
termining permeability of hydrogen isotopes in molten salt. 
At 500-700 °C, the H, permeability through the Ni plate is 
in close agreement with the reference data, indicating that the 
permeability apparatus can be applied at the working temper- 
atures for molten salt. 


B. Test with molten Flinak 


Experiments were conducted on the apparatus for deter- 
mining H, permeability in molten Flinak at 500°C, 600°C 
and 700°C. Figure 5 shows H, concentrations in the down- 
stream Ar flow as a function of time. The curves (the 
red lines) calculated by adjusting the H-diffusivity and H- 
solubility in Eqs. (6)-(9) agree well with the experimental 
data for all experiment conditions except a small deviation 
occurred at 500°C. The disagreement might be due to the 
effects of hydrogen ion (H*) diffusion in molten Flinak at 
500 °C, which could be caused by the mass-transfer processes 
at the interfaces between Ni and molten Flinak, and between 
Ar gas and molten Flinak or impurities in the molten Flinak. 
However, the effects of H* diffusion were limited to the lower 
temperature of the molten Flinak, while hydrogen diffusion 
in molten Flinak at higher temperatures were mainly as the 
molecular form of hydrogen. Despite the small deviation at 
500 °C, the test results indicated that the permeability appa- 
ratus and the analytical method are applicable for determin- 
ing the hydrogen isotope permeation in molten salts at 500- 
700 °C. 

In Table 1, the H-diffusivity and H-solubility in molten Fli- 
nak measured at 500°C, 600°C and 700°C are compared 
with the data by Fukada and Morisaki [9]. And our data can 
be correlated to Eqs. (13) and (14): 


Drtiank- = 7-06 x 107°e7549/(ReT) m?s, (13) 
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Fig. 5. (Color online) Concentrations in the downstream as a func- 
tion of Ar gas flow time, at 101 kPa and Lrtiank = 30mm. 


TABLE 1. H-diffusivity and H-solubility in molten Flinak 


Temperature DP tiank-H, KFliank-H, 
(C) (1078 m?/s) (107ë mol-H,/(m? Pa)) 
This work Ref. [9] This work Ref. [9] 
500 1.27 0.18 1.34 15.1 
600 4.31 0.99 0.45 4.45 
700 7.22 1.71 0.59 3.57 


Stiiank-H = 1.67 x 107%e?7°/(®s™) mol/(m? Pa). (14) 


However, the H-diffusivity and H-solubility in molten Fli- 
nak measured at 500°C, 600°C and 700°C differ greatly 
from the data of Ref. [9]. This may be due to the following 
reasons. The impurity content in molten Flinak, depending on 
the molten salt and the experiment conditions, can chemically 
react with H* and change the interaction energy between hy- 
drogen and its neighbor molecules in the molten salt, hence 
the different H-diffusivities and H-solubilities under different 
experimental conditions. Further investigations are needed, 
and more tests with hydrogen and deuterium in molten Flinak 
are in progress at 500-700 °C. 


IV. CONCLUSION 


Application of fluorine salts as the fuel solvent and the 
heat-transfer fluid for the Thorium Molten Salt Reactor 
(TMSR) currently conducted in China has a serious issue with 
tritium, which is produced at high rates in molten salt and 
causes permeation leakage and structural material corrosion. 
A two-chamber apparatus has been developed for determina- 
tion of permeability of hydrogen isotope in molten salt, which 
is based on the requirement for data relative to the solubility 
and diffusivity of tritium in the fluorine salts. The present pa- 
per provides the detailed descriptions on the developed per- 
meability apparatus, experimental procedures and the analyt- 
ical method for determination the diffusivity and solubility of 
hydrogen isotope in molten salt. 
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The performance of the experiment apparatus and ana- 
lytical method that used for determination of hydrogen iso- 
tope permeability in molten salt was evaluated with blank 
tests. It was shown that the nickel plate which acted as the 
window for hydrogen isotope permeation in the apparatus 
seemed to have less effect on experiments of determining 
the permeability of hydrogen isotope in molten slat at 500- 
700°C. The applicability of the apparatus with molten salt 
was also evaluated experimentally, with test experiments of 
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